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The outbreak of Coronavirus Disease 2019 (Covid-19) as pandemic, on March 11, 2020, prompted the urgent need for a better understanding of the disease's pathophysiological mechanisms. The interactions of SARS-CoV-2 in the condition represent an essential knowledge for treatment development and better clinical management of critical patients. Despite angiotensin-converting enzyme 2 (ACE2) being acknowledge as viral receptor early in the pandemic, the suggested pathophysiological mechanisms for Covid-19 do not conceive the renin--angiotensin system (RAS) as a major regulator of disease-related events. The RAS was considered, until early in the 21st century, a single-armed system centered on the Angiotensin II activity as a vasoactive peptide responsible for blood pressure and body fluid homeostasis. The further discovery of the physiological functions of ACE2 and its main product, Angiotensin-(1-7) \[Ang-(1-7)\] changed the conception of the RAS. In this sense, the RAS is nowadays comprehended as formed by two opposite counter-regulatory arms: the classical one, composed by ACE/Angiotensin II (Ang II)/AT1 receptor (AT1R), and the alternative anti-inflammatory arm, comprising ACE2/Ang-(1-7)/Mas Receptor (MasR) \[[@B1]\]. Then, we postulate that ACE2 targeting by SARS-CoV-2 is not just a casual route of infection, but a causal factor of the disease itself: Covid-19 is, at least in part, the consequence of RAS imbalance, due to an exaggerated activation of the classical arm (ACE/Ang II/AT1R), leading to pulmonary injury, hematological alterations, and hyperinflammatory state. Hence, the RAS imbalance hypothesis suggests that RAS pathway disruption is at the center of Covid-19 pathophysiological mechanisms.

Covid-19 clinical spectrum comprises three main phases: early infection, pulmonary involvement and systemic hyperinflammation. Associated symptomatology comprehends characteristic respiratory infection manifestations, including cough, fatigue and shortness of breath, as well as less common systemic symptoms, like headaches, myalgia and arthralgia \[[@B2]\]. Complementary investigation often shows diffuse ground-glass opacities at computerized tomography and early stage lymphocytopenia, even before dyspnea. Furthermore, epidemiological findings suggest an important association between arterial hypertension and diabetes mellitus and worse disease outcome, therefore composing two very relevant risk factors. On the other hand, patients with coexisting pulmonary disorders, chronic obstructive pulmonary disease, for instance, had less frequently severe presentation, what may seem counter-intuitive. In addition, recent studies have shown a mild disease pattern in the pediatric population, which commonly represents a group more susceptible to respiratory conditions \[[@B3]\]*.* In light of Covid-19 clinical spectrum phases, we proposed a RAS modulated immune-hematological hypothesis to better comprehend the disease course.

Viral infections initiate with the binding of viral structures to host surface cell receptors. Although several coronaviruses have been described to cause human diseases, only three of them bind to ACE2: SARS-CoV, SARS-CoV-2 and HCoV-NL63 \[[@B4]\]. SARS-CoV was also responsible for a global health emergency, the Severe Acute Respiratory Syndrome (SARS) outbreak that took place in China in 2003. Virus-surface Spike Glycoprotein (S) is the SARS-like coronavirus structure that participates in receptor recognition. Even though a genome similarity between SARS-CoV and the novel coronavirus has been established, several differences in the sequence of amino acid residues in the receptor-binding domain (RBD) of S protein are responsible for differences in affinity. While SARS-CoV has a sharp turn 3 residue motif (Pro-Pro-Ala) in ACE2-binding ridge, SARS-CoV-2 has a 4 residue motif (Gly-Val-Glu-Gly) that forms extra main-chain hydrogen bonds, resulting in a closer contact with N-terminal helix of ACE2 than SARS-CoV \[[@B5]\]. Furthermore, the presence of Phe486 allows a better insertion into ACE2 hydrophobic pocket. This conformation, added to the higher ability to neutralize receptor's docking hotspots, makes SARS-CoV-2 receptor affinity significantly higher, in comparison with SARS-CoV. The difference between receptor affinities might be an explanation for the greater spread of Covid-19 compared with SARS, but the main pathophysiological mechanism proposed in this article may as well apply to SARS-CoV infection.

The hypothesis of RAS imbalance is mainly based on the reduction of membrane-bound ACE2 as a consequence of enzyme endocytosis complex with the S protein of the virus. ACE2 is largely expressed in the nasal and oropharyngeal epithelium \[[@B6]\], where SARS-CoV-2 entrance occurs. Since the RAS is based on a dynamic equilibrium between two opposite axes, down-regulation of the enzyme responsible for converting Ang II into Ang-(1-7) implicates in enhanced activity of RAS classical axis. Although Ang II is better known for its cardiovascular and renal functions, vasoconstriction and fluid homeostasis for instance, activation of the ACE/Ang II/AT1 axis have been described to deflagrate inflammation, fibrosis, cellular growth and migration \[[@B7]\]*.* Up-regulation of this classical RAS arm might be partially responsible for the deleterious pathophysiological mechanisms of Covid-19, added by viral activation of the innate and adaptive immune response \[[@B8]\]*.* The implications of such RAS imbalance for pulmonary manifestations in severe acute distress syndromes were not unnoticed \[[@B9]\]. In this context, experimental mice models of SARS-CoV mediated lung injury had previously shown diminished expression of ACE2 in cell surface, as well as increased Ang II levels in lung tissue after administration of Spike (S318-510)-Fc \[[@B10]\]*.* Consequently, mice exhibited increased lung edema, neutrophil accumulation and enhanced vascular permeability \[[@B10]\]. Similar findings were obtained in an experimental model of hyperoxic lung injury, in which mice were treated with the ACE2 agonist diminazene aceturate (DIZE), or the ACE2 inhibitor MLN-4760 \[[@B11]\]. Hyperoxia significantly reduced lung ACE2 expression and enzyme activity, leading to an increased Ang II/Ang-(1-7) ratio. In contrast, the administration of DIZE simultaneously to hyperoxia induction significantly enhanced lung ACE2 expression and activity, thus reducing the Ang II/Ang-(1-7) ratio. The treatment with ACE2 inhibitor MLN-4760 in combination to hyperoxia significantly reduced lung ACE2 expression/activity and increased the Ang II/Ang-(1-7) ratio. DIZE attenuated lung injury, inflammatory response and oxidative stress induced by hyperoxia, while MLN-4760 potentiated these mechanisms of pulmonary tissue damage \[[@B11]\]. In line with these experimental findings, we postulated that reduced levels of ACE2 and of Ang-(1-7), due to ACE2 down-regulation exerted by SARS-CoV-2, may as well worsen pulmonary distress in COVID-19, since ACE2 itself and the binding of Ang-(1-7) to MasR can mediate anti-inflammatory, antioxidative and anti-fibrotic effects \[[@B7]\]*.*

Considering the role of ACE2 as the viral receptor and the implication of these interactions, several authors discussed the suspension or continuation of RAS inhibitors therapy after Covid-19 outbreak \[[@B12]\]*.* Indeed, the administration of angiotensin II receptor antagonists (ARAs) and ACE inhibitors (ACEi) might seem counter-intuitive, since experimental studies pointed to an increased expression of ACE2 after treatment of cardiovascular diseases with these medications in animal models \[[@B13]\], although the extrapolation of this finding to humans deserves further investigation. One might consider that increased expression of transmembrane ACE2, the SARS-CoV-2 receptor, could be interpreted as harmful, due to the possibility of favoring viral entrance \[[@B14]\]*.* In view of the proposed pathophysiology, the association between SARS-CoV-2 and the bioavailability of ACE2 is rather paradoxical: either (1) the patient has a small ACE2 reservoir and suffers the consequences of the exacerbated pro-inflammatory classical axis or (2) the individual infected has enough ACE2 to resist its depletion and to activate the alternative RAS axis, despite facilitating viral entrance. This conception, added by the understanding of RAS imbalance pivotal role in Covid-19, has turned researchers to consider RAS blockers as potential therapies for the disease. Several clinical trials registered in the National Institutes of Health (NIH) propose low doses of ARAs, as the prototype losartan, for treating the condition (NCT04335123, NCT04312009, NCT04311177). Additionally, as previously mentioned, Ang-(1-7) may exert extra benefits, given its anti-inflammatory and anti-fibrotic effects. In this matter, interventional trials using recombinant human ACE2 (rhACE2) and Ang-(1-7) analogues also seem promising (NCT04287686 and NCT04332666, respectively).

SARS-CoV-2 spreads quickly through the human body, as ACE2 is expressed in a variety of tissues \[[@B6]\]. Hence, hematological manifestations of Covid-19 have called researchers' attention. Lymphopenia is an early disease feature that may be due to direct viral attack to lymphocytes, which expresses ACE2 \[[@B15]\]. In bone marrow, ACE2 is found in hematopoietic stem/progenitor cells (HSPC). Although usually ACE2 expression in this site is small, viral-induced hypoxia has three main consequences: (1) increased proliferation and migration of HSPC; (2) up-regulation of ACE2 and Mas Receptor; and (3) shedding of ACE2 ectodomain in HSPC \[[@B16]\]. Another hypothesis to explain the early lymphopenia and the later hematological manifestations of Covid-19 is the deflagration of the hemophagocytic lymphohistiocytosis (HLH) \[[@B17]\]*.* Once more, in this case, RAS imbalance plays a pivotal role, as Ang II enhances macrophage activity, while Ang-(1-7) limits it \[[@B18]\]*.* Hematologic dysfunctions help to explain a striking clinical characteristic of Covid-19 later stages: the presence of severe hypoxia in compliant lungs. However, there may be other explanations for oxygen availability reduction. Potential mechanisms are described by a preprint study on the role of non-structural viral proteins \[[@B19]\]. The infection of HSPC by SARS-CoV-2 triggers an attack against hemoglobin produced in erythrocytes precursors by three main proteins: orf1ab, ORF3a and ORF10. In this sense, HSPC might be capable to capture protoporphyrin-IX and to release iron, rendering hemoglobin useless for future oxygen uptake. Other possible mechanisms of lung damage might be related to the elevation of iron levels by increasing oxidative stress in pneumocytes, and the loss of lung perfusion regulation \[[@B20]\]. Presumably, this would be the result of endothelial dysfunction, which is already enhanced by Ang II. Ang II produces endothelial dysfunction and blunts vascular smooth muscle cells' response to vasodilators \[[@B21]\]. This mechanism would be worsened due to the reduction of local protection elicited by Ang-(1-7). Again, RAS imbalance critically affects homeostatic mechanisms.

Advanced and severe forms of Covid-19 are associated with cytokine storm syndrome (CSS), which pathophysiological mechanisms might be explained by several pathways. The first mechanism considers the down-regulation of ACE2 and consequent increased of Ang II, as this molecule is not converted into Ang-(1-7). Consequently, the uncontrolled stimulation of the ACE/Ang II/AT1R axis results in increased pro-inflammatory cytokines, including IL-1, IL-6 and TNF-α, intensified by the activation of innate and adaptive immune \[[@B22]\]. The virus is also able to enhance DNA-binding activity of nuclear factors, such as NF-KB, which may increase mRNA transcription of several interleukins. Another potential mechanism of injury is a direct consequence of rapid virus replication in lung epithelial and endothelial cells. Pulmonary microvascular and alveolar damage with increased cell apoptosis potentiate even more inflammatory response \[[@B23]\] and compromise the alveolar endothelial cell barrier. All these pathophysiological changes together result in vascular leakage and alveolar edema, both responsible for hypoxia and dyspnea \[[@B24]\]. Because of the key role played by the immune response to Covid-19 infection, several interventional trials registered in NIH aim to evaluate the effects of immune modulation therapy in infected patients. Drugs mainly used in these clinical trials include Tocilizumab, Baritinib and the antimalarial medication Hydroxychloroquine, which also exert an immunomodulatory role \[[@B25]\]. [Figure 1](#F1){ref-type="fig"} shows potential pathophysiological mechanisms related to SARS-CoV-2 infection, emphasizing the pivotal role of RAS.

![Pathophysiological role of ACE2 in COVID-19\
Schematic representation of pathophysiological mechanisms related to COVID-19 and the overlapping pathways with renin--angiotensin system, particularly with the modulation of ACE2. \[O2\] = Oxygen concentration; HS = Hemophagocytic-like Syndrome; ACE2 = Angiotensin-Converting Enzyme 2; ANG(1-7) = Angiotensin (1-7); ANGII = Angiotensin II; HPSC = Hematopoietic stem/progenitor cell.](cs-134-cs20200492-g1){#F1}

RAS imbalance hypothesis also explains the Covid-19 epidemiological pattern. Due to ACE/Ang II/AT1R axis activation in parallel with ACE2/Ang-(1-7)/MasR axis down-regulation in the elderly, hypertensive, diabetic and cardiovascularly compromised patients, mortality rates of these groups are considerably elevated \[[@B26]\]*.* In addition, several epidemiological data showed a significant male predominance in all age groups \[[@B27]\]*.* On that matter, Xudong et al. (2004) showed an important reduction in the expression of ACE2 in lungs of rats throughout the aging process. \[[@B28]\]*.* In advanced age animals, male rats had even more reduced ACE2 levels in comparison with female animals. Additionally, the same experimental study showed higher levels of ACE2 in younger rats \[[@B28]\]*.* This experimental finding might be one of the reasons to explain why pediatric patients with Covid-19 generally have lower frequency of disease and less severity and fatality case rates in comparison with adults \[[@B29]\]. Furthermore, AT2 receptor, which physiological actions are comparable to MasR regarding its anti-inflammatory properties, might be another protective factor for pediatric patients, once aging progression diminishes its expression \[[@B30]\]*.* Combined with the proposed RAS imbalance hypothesis and the previously presented paradox, ARAs and ACEi therapeutic approach might be crucial for the best clinical management of the condition due to the stimulation of RAS alternative axis. In this sense, the lower than expected incidence of Covid-19 in patients on hemodialysis favors the overall hypothesis and treatment option, as (1) patients with chronic kidney disease are commonly treated with ACEi or ARAs; and (2) hemodialysis promotes clearance of viremia and of circulating cytokines. [Figure 2](#F2){ref-type="fig"} illustrates potential differences in regard to RAS molecules and Covid-19 clinical manifestations according to changes in the expression of RAS molecules and receptors.

![ACE2 basis for age specific differences in COVID-19 outcome\
Schematic representation of the differences detected in ACE2 expression according to age. The figure highlights the hypothetical mechanisms related to COVID-19 outcome based on the protective effects of free ACE2 for buffering the viral infection as well as reducing inflammation. ACE2, angiotensin-converting enzyme 2; ANG(1-7), angiotensin (1-7); ANGII, Angiotensin II.](cs-134-cs20200492-g2){#F2}

Several mechanisms related to Covid-19 pathophysiology are yet to be clarified for total comprehension of disease course. The explanations so far considered different disease manifestations (respiratory, hematological or inflammatory) as isolated phenomena without interactions between each other. We do believe that the RAS imbalance hypothesis embraces all of the stages and clinical findings of SARS-CoV-2 infection, placing RAS molecules at the center of Covid-19 pathophysiology. Imbalance between ACE/Ang II/AT1R and ACE2/Ang-(1-7)/MasR axes results in multiple organ dysfunction and uncontrolled inflammatory response. In light of our hypothesis, therapeutic and preventive strategies should take into account the potential role of medications that inhibit classical RAS axis as well those that trigger alternative RAS axis effects.

Competing Interests {#sec2}
===================

The authors declare that there are no competing interests associated with the manuscript.

ACE2

:   angiotensin-converting enzyme 2

Ang II

:   Angiotensin II

AT1

:   Angiotensin Type 1

Covid-19

:   Coronavirus Disease 2019

RAS

:   RAS

[^1]: These authors contributed equally to this work.
